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Introduction

Miniaturizing capacitor devices is demanding for higher dielectric permittivity materials progressively. In recent years, many researches have shown that the perovskite structure calcium copper titanate, CaCu 3 Ti 4 O 12 (CCTO), possesses a giant dielectric permittivity of 10 5 at room temperature, which is practically frequency independent between dc and 10 6 Hz. In addition, this material does not show ferroelectric transition in a wide temperature range (100-600 K), where the dielectric permittivity value remains constant, without suffering from limitations of commonly used ferroelectric materials. [1][2][3][4][5][6] The dielectric permittivity abruptly drops down to a value, ~100 when the temperature lowers below 100 K. 7,8 The dielectric response behavior of the material is characteristic of Debye-like relaxation with a single relaxation time. 9 A number of attempts to interpret this behavior in terms of intrinsic material properties 10,11 as well as an impurity and interface mediated phenomena 12 have been reported. One of the leading explanations for giant dielectric permittivity is the formation of nonconductive grain boundaries between conductive grains, i.e., grain-boundary layer capacitor behavior, common in doped perovskite titanates. [START_REF] Hench | Principles of Electronic Ceramics[END_REF] This model was supported by impedance spectroscopy. [START_REF] Fang | [END_REF][15][16] Recently, however, it is reported that the giant dielectric permittivity is associated with electrode polarization effects due to nonohmic contacts but not due to a grain boundary effect. 17 Generally, the electrode effects can be well separated by using different contacts and sample geometries. 18 However, few researchers attempted to separate electrode effect from grain boundary effect. Up to now it is still unclear that which effect is responsible for the giant dielectric permittivity in CCTO. This question may be resolved if the two responses, electrode relaxation and grain boundary relaxation, can be distinguished.

In this work, the measurement of dielectric and impedance spectroscopy of CCTO ceramics is reported in the temperature range from 298 K to 358 K at 0, 5, 10, 15, 20 and 40 V dc bias. A low frequency dielectric relaxation arising from electrode polarization was induced by dc bias. The electrode response and grain boundary response have been successfully distinguished from each other according to impedance spectroscopy and the frequency dependent ac conductivity with a dc bias.

Each component acts as a depletion layer to induce their own respective dielectric relaxations.

Experiment

Reagent grade oxides and nitrates, Ca(NO 3 ) 2 •4H 2 O, Cu(NO 3 ) 2 •3H 2 O and TiO 2 and sodium potassium chloride(NaCl : KCl = 44 : 56) were used as the starting materials. Appropriate amounts of the oxide and chloride powders were mixed together in the ball mill using zirconia balls as milling medium in ethanol for 12 h.

The dried powder mixtures were placed in covered high alumina crucibles, and then heated in a chamber furnace at 800 o C for 1 hour. On the completion of reaction, flux X-ray diffraction patterns were obtained using an automated diffractometer (XRD; X'Pert PRO MPD, Philips, Eindhoven, Netherlands) with Cu K 1 radiation. The surface morphologies of CCTO ceramics were observed by a scanning electron microscope (SEM; JSM-5610, JEOL, Tokyo, Japan). Both sides of the samples were polished and then brushed with silver conductive paste followed by heat treatment at 550 o C for 30 minutes in order to ensure good electrical contact. Electrical properties measurements were taken with an applied voltage of 500 mV using an Agilent 4294A impedance analyzer over the frequency range 100 Hz-13 MHz at room temperature and 100 Hz-100 kHz at selected temperatures between 298 K and 358 K at 0, 5, 10, 15, 20 and 40 V dc. The frequency dependence of the real part and imaginary part of dielectric permittivity of CCTO ceramics at 0 V, 5V, 10V, 15 V and 20 V dc bias at room temperature is shown in Fig. 3. The real part of dielectric permittivity with no dc bias is ~100,000 over a wide frequency range between 100 Hz and 7 MHz. And it enhances sharply with the increase of dc bias in low frequency (< 3 kHz), but an inverse change happens in high frequency (> 10 kHz, Fig. 3 inset). Two Debye-like relaxations present in the imaginary of dielectric permittivity, one is in 10 6 ~10 7 Hz associating with grain/domain response; the other is below 100 Hz associating with grain boundary response and/or electrode response. Admas et al. 16 found that the capacitance of grain boundary decreases with bias increasing. This is consistent with the expectation of a Schottky barrier model for the grain boundary with a reduction in potential barrier height in the forward bias direction and an increase in the width of depletion region. The dielectric-dc bias behavior of CCTO ceramics is consonant with this result in high frequency range. However, the low frequency dc-bias-field-induced dielectric relaxation is very interesting.

Results and discussion

Nonohmic electrode contacts always occur with many different types of materials due to their different electron work functions and electrode contact conditions and that surface roughness and wetting. The electrode polarization at the interface between the sample and electrode, like grain boundary response, may be one of the sources of the giant dielectric permittivity. In the following we will adopt the view that the change of dielectric permittivity in low frequency range is mainly arisen from external contacts. It is well known that thin depletion layers can arise, e.g., due to the formation of Schottky diodes at the electrode/bulk interface. 19 These thin layers of low conductivity act as high capacitance in parallel with a very large resistor, connected in series to the bulk, which can results in the erroneous detection is very large values of dielectric permittivity. Under the suitable conditions like application of a static bias across the sample, a pile of these low mobility charge carriers is collected around one of blocking electrode. This leads to a field gradient near the electrode and gives rise to a non-linear dielectric permittivity and loss tangent. Considering the blocking nature of the electrodes, two relaxation peaks should be observed, unfortunately, we can not find two complete peaks in Fig. 3. The reason is the measurement limit of our impedance analyzer. We can not obtain a high temperature and a wide range frequency. We will detect them by impedance spectroscopy. 
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To further corroborate our findings, we also research the ac conductivity of CCTO ceramics. The bulk dc conductivity follows a variable-range-hopping mechanism under which the bulk ac conductivity also obeys a power law. the temperature is low and the lowest measurement frequency is still high. As seen from these lines, the conductivity of them increase rapidly starting at frequency f ~ 100 Hz, beyond which the can be described as
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where gb is the dc grain boundary conductivity, a 1 , t and are three adjustable constants. In this formula, the gb +a 1 f t term describes the grain boundary conductivity relaxation. The conductivity of CCTO ceramics changes from the grain boundary response to the grain conductivity (domain conductivity) with the increase of frequency. The f 2 term describes approximatively the transition between the above two mentions relaxation behaviors.

A dc bias of 20 V is loaded on CCTO ceramics in order to find electrode relaxation clearly. Fig. 5b shows the frequency dependence on the ac conductivity at 298 K and 348 K. A long plateau presents in low frequency, associating with the dc electrode conductivity e . As the frequency f is increased to inflexion, also increases as a result of electrode conductivity relaxation as described by
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where a 2 and s (0 < s 1) are two temperature dependent adjusting constants.

The a 2 f s term is an empirical expression representing the transport properties of polarons, electrons, and ions. 20 The solid lines are the fitting curves according to Eq. ( 2) in Fig. 5a. With an absence of dc bias, it is not clear that the conductivity changes from electrode relaxation to grain boundary relaxation. Maybe it happens in very low frequency. 
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where 0 is the prefactor, E a is the activation energy for the relaxation, k B is the Boltzmann constant, and T is the absolute temperature. Fig. 5a inset shows the plot of log versus 1/T, in which the solid line is fitted result using Eq. 4. Both obey the Arrhenius law with grain activation energies of 0.122 eV and grain boundary activation energies of 0.40 eV with an absence of dc bias.

The dot lines (1 and 3) are the fitting curves according to Eq. ( 3) and the solid lines (2 and 4) are the fitting curves according to Eq. ( 2) in Fig. 5b. The coefficients of fitting formulas are shown in Table I. The electrode conductivity increases from 1.10×10 -6 S/cm to 1.74×10 -4 S/cm as dc bias increases from 0 V to 20 V at 358 K.

Also, the grain boundary conductivity increases with the increases of temperature and dc bias (Fig. 4 and5). This reveals the strong electric field dependent nature of both electrode conductivity and grain boundary conductivity. Meanwhile, it is considered the conductivity is associated with electrode polarization effects and the development impedance spectroscopy and dialectic constant dependence of electrodes also show grain boundaries and electrode playing some important roles in giant dielectric constant. 16,17 In this work, our focus is the influence of grain boundaries and electrode on dielectric response.

Conclusions

CCTO ceramics fired silver electrodes were measured at different temperatures with a dc bias. The dependence of dielectric permittivity on dc bias clearly proves that the electrode causing an interfacial polarization process results in the detection of very strong dc-bias-field-induced dielectric relaxation. 

  Suchnonohmic electrode contacts are well known to occur with many different types of materials due to their different electron work functions. The interface polarization Maxwell-Wagner relaxation, has been observed in many materials.

  from the powder particles by repeated washing with hot deionized water until no chloride ions were detected by silver nitrate. The obtained CCTO powder was pressed into pellets of 15 mm diameter and ~1 mm thickness by cold isostatic pressure method. The pellets were sintered at 1060 o C in air for 48 hours.

Figure 1

 1 Figure1shows typically the room-temperature XRD pattern for the CCTO

Z

  * plot of data obtained of CCTO ceramics with a dc bias of 0 V (a) and 10 V (b) at different temperatures are shown in Fig. 4. The resistances of grain and grain boundary decrease with the increase of temperature and dc bias. A large arc with nonzero intercept at high frequency (> 10 6 Hz) is shown in Fig. 4a and inset. Only a small section of the grain boundary arc can be observed at low temperature, and a steep incline at low frequency suggests that the resistance of grain boundary is much more than 10 5 •cm and its response frequency is less than 100 Hz. The grain boundary response and electrode response are still not distinguished. An impedance spectroscopy of CCTO ceramics with a dc bias of 10 V is shown in Fig. 4b and right inset. Both grain boundary resistance and grain resistance decrease with the increase of dc bias and temperature, which is consistent with a Schottky barrier response. The Fig. 4b shows the measuring impedance spectroscopy and calculating impedance spectroscopy according to an equivalent circuit, a series circuit of parallel RC elements. The impedance attributing to grain and grain boundary is calculated by Eq. 1 (Grain resistance R g = 135.27 , gain capacitance C g = 17.4 nF•cm, grain boundary resistance R gb = 5375.48 and gain boundary capacitance C gb = 80.49 nF•cm). Here shows a semicircular arc with its center lying underneath the abscissa. In comparison with Z* plot data, here the impedance changes from electrode relaxation to grain boundary relaxation as frequency increases beyond f = 19 kHz at 328 K with a dc bias of 10 V, as indicated by an arrow. The relaxation time of electrode and grain boundary is 0.955 ms and 0.026 ms with a dc bias of 10 V at 328 K, respectively. It is clear that the impedance responses from grain boundary and electrode are convoluted in the semicircular arc even if both measuring temperature and dc bias increase.

  This has been attributed to polaron relaxation, a phenomenon widely recognized in defective perovskite structure at low temperature. The frequency dependence on the ac conductivity at different temperatures is shown in Fig. 5a. The conductivity almost presents a step for T = 358 K at low frequency, as marked by ellipse, which is approximately equal to the dc electrode conductivity e . The step is very short because

  from negative value to positive value (from -5.75×10 -12 to 3.66×10 -12 S/cm), suggesting that the relationship between grain relaxation and grain boundary becomes closer with the increase of temperature. The activation energies of the aforementioned electrical responses from grains and grain boundaries are calculated. The activation energy is associated with the height of the potential-energy barrier restricting the motion of charge carriers. Conductivities of the grain (bulk), b , and grain boundary, gb , components are obtained and plotted against reciprocal temperature in Arrhenius format.
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 10 Schottky barriers at the metal electrode/ceramic interface due to nonohmic contacts and grain boundaries effect.At recent, Zhu et al.21 claimed the existence of nanoscale disorder of Cu/Ca makes a remarkable effect on the dielectric properties of CCTO. A metalliclike polarizability in the surrounding insulating regions enhances dynamical electronic dielectric response. This mechanism is different from the "internal barrier layer capacitor" (IBLC) picture. It may be the origin of giant dielectric constant in CCTO single crystal and grains in CCTO ceramics. However, in CCTO polycrystals,
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 4 FIG. 4.Impedance complex plane plot obtained for CCTO ceramics with a dc bias
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 I Conductivity and temperature-dependent adjusting constants of Eq.(2) 

		and (3) in the fitting curves.
	FIG. 1.	XRD pattern of molten salt derived CCTO ceramics.
	FIG. 2.	SEM image of molten salt derived CCTO ceramics.
	FIG. 3.	Dielectric permittivity of CCTO ceramics as a function with different dc
		biases at room temperature. Debye-like relaxations present in low
		frequency with the increase of dc bias.

TABLE I Condition

 I 

		gb	a 1	t	e	a 2	s
	Dc 0 V at 298K	-6.88	1.055	0.134	-5.75×10 -12		
	Dc 0 V at 338K	-6.723	1.332	0.102	3.66×10 -12		
	Dc 0 V at 358K	-5.96	1.016	0.107	2.54×10 -12		
	Dc 20 V at 298K	-9.6	2.89	0.084	-7.32×10 -11 -4.76	0.005	0.643
	Dc 20 V at 348K	-6.9	1.478	0.095	-1.16×10 -12 -3.76	0.179	0.085
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